Abbreviations
=============

HER2

:   human epidermal growth factor receptor 2

PRP4K

:   pre-mRNA splicing factor-4 kinase

SAC

:   spindle assembly checkpoint

TMA

:   tissue microarray

Introduction {#s0001}
============

Taxanes (docetaxel, paclitaxel and cabazitaxel) are a family of anticancer agents which function by binding to the β-tubulin subunit of assembled microtubules, leading to stabilization and an overall disruption of microtubule dynamics. The inability of a cell to properly segregate its sister chromatids during mitosis leads to prolonged spindle assembly checkpoint (SAC) activation and apoptosis.[@cit0001] While taxane-based regimens are commonly used as first-line therapies for many malignancies, including breast and ovarian cancer,[@cit0002] the emergence of clinical drug resistance remains the major limitation for their use. As a result, much research effort has been focused on determining both biological markers for predicting taxane response as well as the mechanisms underlying intrinsic and acquired resistance to taxane therapy.

The most common mechanism of taxane resistance encountered *in vitro* is the up-regulation of the ATP-binding cassette transporter, P-glycoprotein (P-gp).[@cit0004] While there is substantial evidence supporting the role of P-gp in the development of taxane resistance *in vitro*, the value of P-gp as a marker of taxane response *in vivo* remains unknown due to conflicting clinical reports.[@cit0006] Other mechanisms of resistance observed *in vitro* include alterations to the microtubules themselves including mutations, isotype switching and post-translation modifications of tubulin, which effect drug binding or reduces microtubule stability.[@cit0008] In addition, the upregulation of microtubule associate proteins (MAPs) such as MAPT/tau,[@cit0009] alteration in SAC function, and/or inhibition of taxane induced apoptosis can impart taxane resistance.[@cit0010] Much like P-gp, these mechanisms of resistance, while well characterized *in vitro*, have had limited success clinically as markers of taxane response.

In breast cancer, the amplification/overexpression of the *HER2/ERBB2* gene has been widely explored for its potential application in predicting taxane response. HER2 amplification is observed in 15--20% of human breast cancers [@cit0014] and has been generally associated with poor survival.[@cit0015] *In vitro*, HER2 amplification has been shown to increase cellular resistance to taxanes in breast cancer cells,[@cit0016] while a number of clinical studies have shown HER2 amplification to correlate with increased response to taxanes, either as a single agent,[@cit0017] or as part of a combination therapy.[@cit0019] As a result, the use of HER2 as a biomarker for taxane sensitivity remains controversial, while the mechanism(s) through which HER2 signaling alter taxane sensitivity remain to be elucidated. A greater understanding of the genes acting downstream of HER2 with a more direct role in the modulation of taxane sensitivity is essential to improve our ability to predict taxane response.

In the present study, we have identified the pre-mRNA splicing factor-4 kinase (PRP4K) as a novel HER2-regulated gene in breast and ovarian cancer. In interphase cells, we previously identified PRP4K, also known as PRPF4B, as an essential pre-mRNA splicing kinase associated with the U5-snRNP,[@cit0023] which was later found to play a key role in spliceosomal assembly.[@cit0024] In mitotic cells, PRP4K has been identified as novel regulator of the SAC that plays a role in the recruitment of MPS1 kinase, MAD1 and MAD2 to the kinetochore. Loss of PRP4K expression leads to the failure of microtubule poisons to induce mitotic arrest in HeLa cells.[@cit0025] Furthermore, although not validated, PRP4K was identified as a potential modulator of taxane resistance in a large scale RNAi screen conducted in HCT-116 colon cancer cells.[@cit0026] In this study we demonstrate that decreased PRP4K protein level results in reduced sensitivity to paclitaxel in both breast and ovarian cancer cell lines, and that *in vitro*-derived and patient acquired taxane resistance correlates with reduced PRP4K expression. In addition, PRP4K protein expression in the biopsies of ovarian cancer patients with low HER2-expressing tumors correlates with better overall survival to treatment with platinum/taxane-based therapy. Taken together these results implicate PRP4K, through its role in the SAC, as a HER2-regulated modulator of taxane sensitivity.

Results {#s0002}
=======

High PRP4K protein level correlates with HER2 amplification in human breast and ovarian tumors {#s0002-0001}
----------------------------------------------------------------------------------------------

Despite PRP4K being an essential pre-mRNA splicing kinase, a number of studies have variously claimed that PRP4K may be oncogenic and a possible molecular target in cancer [@cit0027] or may be a predictive biomarker of treatment response to chemotherapy; in particular to taxane, although published studies are contradictory as to whether PRP4K increases or decreases sensitivity to taxanes.[@cit0026] Thus, the role of PRP4K as a biomarker or anti-cancer drug target remains controversial. To better evaluate the possible role of PRP4K in cancer we performed immunohistochemistry analysis of PRP4K expression in breast and ovarian tumors using tissue microarrays (TMAs) composed of pre-chemotherapy surgical samples. We scored the intensity of immunohistological staining for PRP4K using a relative scale from 0 to 3, and looked for correlation with a number of commonly used prognostic and therapeutic markers of breast and ovarian cancer ([**Fig. 1A**](#f0001){ref-type="fig"}). A positive correlation was observed between PRP4K and the proliferation marker Ki-67, the recently identified prognostic marker BTF4/BTN3A2,[@cit0029] as well as the immunological cell markers CD3 and CD68 within the high-grade serous ovarian TMA, while a positive correlation between PRP4K and HER2 (ERBB2) was observed within both the ovarian and breast TMA ([**Fig. 1B**](#f0001){ref-type="fig"}). Figure 1.PRP4K correlates positively with HER2 expression in breast and ovarian tumors. (**A**) Breast and ovarian cancer tissue microarrays were used to correlate PRP4K protein levels with commonly used diagnostic and prognostic markers. Results are summarized in table format. † Spearman\'s Correlation coefficient (non-parametric); \* = Significant; N= number of patients, RD = Residual Disease (**B**) Representative immunostaining of low (tumor A and C) and high (tumor B and D) PRP4K/HER2 in the breast and high-grade serous ovarian TMA. Dashed black boxes outline a region of the tumor in each TMA stained for PRP4K shown at higher magnification below each panel. Scale bars = 100 microns.

HER2 signaling positively regulates PRP4K {#s0002-0002}
-----------------------------------------

Since PRP4K levels measured by immunohistochemistry correlated with HER2 expression in breast and ovarian tumors, we next sought to determine if the positive correlation between PRP4K and HER2 observed was a result of direct regulation of PRP4K protein levels by HER2. To this end, HER2 expression was knocked down in 2 respective ovarian and breast cancer cell lines, IGROV-1 and SK-BR-3. As shown in [**Figure 2A**](#f0002){ref-type="fig"}, when cells were transduced with a HER2 targeting shRNA lentiviral vector, there is a significant reduction in both HER2 and PRP4K protein level. To determine if this regulation of PRP4K expression was mediated by active signaling through the HER2 receptor, IGROV-1 and SK-BR-3 cells were treated with the kinase inhibitor lapatinib for 48 h. In both cell lines, inhibition of HER2 signaling led to a decrease in PRP4K protein level ([**Fig. 2B**](#f0002){ref-type="fig"}). Conversely, when the HER2 negative breast cancer cell line MCF-7 was transfected with constitutively active HER2,[@cit0030] PRP4K expression increased ([**Fig. 2C**](#f0002){ref-type="fig"}), while the transfection of kinase dead HER2 [@cit0030] had no effect. Taken together, this data indicate that PRP4K protein expression is regulated by signaling through the HER2 receptor. Figure 2.HER2 signaling regulates PRP4K expression. (**A**) IGROV-1 and SK-BR-3 cell lines were transduced with control or a HER2 targeting shRNA lentiviral vector and cultured for 48 h. Total cell lysates were prepared and subjected to Western blot analysis for HER2 and PRP4K expression. (**B**) IGROV-1 and SK-BR-3 cell lines were treated with 7.5 μM 0.1 μM lapatinib (respectively) for 48 h to inhibit HER2 signaling. Total cell lysates were subjected to Western blot analysis for PRP4K expression. (**C**) MCF-7 cells were transfected with constitutively active (CA) or kinase dead (KD) HER2 and analyzed by immunofluorescence confocal microscopy using an anti-HER2 (Red) and anti-PRP4K (Green) antibody. Nuclei were stained with DAPI. Scale bars = 10 microns.

Knockdown of PRP4K decreases the sensitivity of cancer cells to paclitaxel {#s0002-0003}
--------------------------------------------------------------------------

HER2 amplification has received a lot of attention for its potential application in predicting taxane response, although its use as predictive biomarker for taxane treatment remains controversial and the mechanism(s) that might govern the impact of HER2 over expression on the efficacy of taxane response, which might be used to guide therapy, remain to be elucidated. Since PRP4K is regulated by HER2 signaling, we next sought to explore the relationship between PRP4K and taxane response to determine if it could be playing a mechanistic role in the clinical link between HER2 amplification and a positive response to taxane treatment. Since PRP4K is an essential kinase, complete loss of kinase expression is lethal.[@cit0023] Therefore, to explore the role of PRP4K in the cellular response to paclitaxel we employed an inducible knock-down system that could be used to titrate PRP4K levels without killing the cell or impairing cell division; events that would confound interpretation of taxane sensitivity assays, and may be a factor in previously conflicting studies of taxane drug response in relation to this kinase.[@cit0026] To this end, we generated several breast (MCF-7, MDA-MB-231) and ovarian (SK-OV-3) cell lines stably expressing either a control hairpin (shCTRL), or one of 2 hairpins targeting PRP4K (shPRP4K-1 and shPRP4K-2) under the control of a doxycycline-inducible promoter. We found that the addition of 2 μg/ml doxycycline to the culture media for 96 h led to significant knockdown of PRP4K in all 3 cell lines without impacting cell viability ([**Fig. 3A**](#f0003){ref-type="fig"}). Acute dosing (90 min) was chosen for the taxane response experiments, as described by Nguyen *et al.*,[@cit0031] as oppose to the commonly used chronic dosing (48 h), to more closely mimic the type of exposure a cell would experience in a clinical setting where patients are treated intravenously. Intravenous administration of paclitaxel results in a brief spike in serum taxane levels, followed by rapid drug clearance,[@cit0032] meaning cells would only be exposed to drug for a short period of time.[@cit0033] Knockdown of PRP4K expression over 96 h in each cell line resulted in significantly decreased sensitivity to paclitaxel, as measured by an alamarBlue cell viability assay following acute, low dose drug treatment ([**Fig. 3B**](#f0003){ref-type="fig"}). Similarly, when PRP4K expression was decreased in SK-BR-3 cells by pre-treating for 48 h with 0.1 μM lapatinib ([**Fig. 2B**](#f0002){ref-type="fig"}**)**, cells showed decreased sensitivity to paclitaxel, as compared to the untreated control ([**Fig. 3C**](#f0003){ref-type="fig"}). Figure 3.Decreased PRP4K expression is associated with an increased cellular resistance to paclitaxel. **(A)** Cell lines stably expressing a tetracycline inducible shRNA targeting PRP4K were established using a lentiviral-based system. Hairpin expression was induced for 96 h with 2 μg/mL doxycycline and PRP4K levels analyzed by Western blot analysis. Band intensity was quantified by densitometry and represented as ratios with shCTRL normalized to 1. (**B**) PRP4K knock down was induced with doxycycline for 96 h followed by paclitaxel treatment at the indicated concentrations for 90 min. Cell viability was measured via an alamarBlue assay after a 72 h recovery in drug-free media. Data is presented as mean of triplicates ± SEM, \**P* \< 0.05. (**C**) SK-BR-3 cells were treated with 0.1 μM lapatinib for 48 h to decrease PRP4K expression. The cells were then exposed to paclitaxel at the indicated concentration for 90 min. Cell viability was measured via an alamarBlue assay after a 72 h recovery in drug-free media. Data is presented as mean of triplicates ± SEM, \**P* \< 0.05.

To try to determine the mechanism by which PRP4K regulates taxane sensitivity, PRP4K knockdown cells stably expressing a GFP-tagged histone H2B were treated with paclitaxel for 90 min and then monitored via live-cell microscopy. Under normal conditions, cells treated with taxane arrest in mitosis via activation of the SAC.[@cit0001] After prolonged activation (approximately 6 h), the cell typically undergoes apoptosis, or mitotic cell death (MCD) (**Fig. S1, Video S1**). Following the knockdown of PRP4K, taxane treated cells arrested in mitosis, but instead of undergoing apoptosis, underwent mitotic slippage, and re-entered the cell cycle (**Fig. S1, Video S2**). This is consistent with the previously published role of PRP4K in mitotic checkpoint control, where it was shown to recruit MPS1 kinase, MAD1 and MAD2 to the kinetochore in order to establish a functional SAC.[@cit0025] Thus, the decreased sensitivity of PRP4K knock-down cells to paclitaxel arises from impaired SAC activity and mitotic slippage.

Reduced PRP4K expression is associated with both in vitro derived and patient acquired resistance to taxanes {#s0002-0004}
------------------------------------------------------------------------------------------------------------

Breast and ovarian cancers can acquire resistance to taxanes, resulting in treatment failure in relapsed patients who have previously received taxane-containing chemotherapy regimens. To explore the role of PRP4K in acquired cellular resistance to paclitaxel, MCF-7 cells were maintained in several independent pools of cells cultured in increasing concentrations of paclitaxel for 15 weeks, which resulted in separate populations of cells with increased resistance to chronic exposure to 10 nM paclitaxel ([**Fig. 4A**](#f0004){ref-type="fig"}). Six independent clones were isolated from these resistant pools and analyzed via Western blot for PRP4K protein level. As shown in [**Figure 4A**](#f0004){ref-type="fig"}, all of the paclitaxel resistant clones (PAXR1-PAXR6) express reduced levels of PRP4K, as compared to the starting, non-resistant population. In addition, we analyzed PRP4K levels in matched cell lines isolated from a patient diagnosed with high-grade serous ovarian cancer that had received paclitaxel as part of their treatment regimen, and subsequently relapsed and no longer responded to taxane-based therapy.[@cit0034] The cell line which was isolated prior to paclitaxel treatment (TOV1369) expressed a higher level of PRP4K ([**Fig. 3E**](#f0003){ref-type="fig"}), as compared to the cell line that was isolated post-relapse (OV1369(R2)). Taken together, these results indicate that reduced PRP4K levels are associated with the acquisition of resistance to paclitaxel both *in vitro* and *in vivo*. Figure 4.PRP4K expression is decreased in cells that have an acquired resistance to taxanes. (**A**) MCF-7 human breast cancer cells were exposed to a sub-lethal concentration of paclitaxel for 3 weeks. The concentration of paclitaxel in the growth media was tripled every 3 weeks for 15 weeks to create a resistant population. Individual clones were isolated from the resistant population, and analyzed via Western blot for PRP4K protein level. (**B**) TOV1369 and OV1369(R2) cell lines were isolated from an ovarian cancer patient pre-taxane treatment, and post-relapse, respectively. Whole cell lysates were prepared from each cell line and PRP4K protein levels were determined via Western blot. Band intensity was quantified by densitometry and represented as ratios.

PRP4K expression correlates with better overall survival in ovarian cancer patients treated with taxanes with low HER2-expressing tumors {#s0002-0005}
----------------------------------------------------------------------------------------------------------------------------------------

Given that decreased PRP4K expression is associated with reduced sensitivity to paclitaxel *in vitro*, that PRP4K is regulated by HER2 (a controversial predictive biomarker of taxane response), and that acquired taxane resistance is associated with reduced PRP4K levels, we next wanted to determine if PRP4K could serve as a more direct biomarker for taxane response among high-grade serous epithelial ovarian cancer patients receiving taxanes as first-line therapy. The taxane treated cohort of patients from the ovarian tumor TMA from [**Fig. 1**](#f0001){ref-type="fig"} were divided into 2 categories according to PRP4K status; PRP4K OFF (TMA score of 0) or PRP4K ON (TMA score of 0.5 to 3). The PRP4K ON subclass of patients appear to have a better disease-free and overall survival ([**Fig. 5A**](#f0005){ref-type="fig"}), although this was not statistically significant. In breast and ovarian cancer, HER2/*ERBB2* gene amplification is generally associated with poor survival. While HER2 protein expression by immunohistochemistry has less prognostic power than direct detection of *ERBB2* gene amplification,[@cit0035] previous studies have demonstrated that typically only the highest scoring tumors for HER2 expression by immunohistology are found to harbour *ERBB2* gene amplification.[@cit0036] Therefore, we rationalized that perhaps the patients with the highest expression of HER2 in our TMA analysis (i.e. score of 2 or 3 out of 3) were likely to progress early irrespective of PRP4K status because of greater *ERBB2* gene amplification. Indeed, when we compared HER2 high (2-3) versus HER2 low (0-1) patients within our cohort of high-grade serous epithelial ovarian cancer patients, the HER2 high patients display a significantly worse overall survival, as compared to the HER2 low cohort ([**Fig. 5B**](#f0005){ref-type="fig"}). Therefore, we repeated our analysis removing patients with the high HER2 staining from the cohort. Under these criteria, a significant increase in both time to progression (HR = 0.53 \[95% CI 0.27--1.01\]; p = 0.05) and overall survival (HR = 0.37 \[95% CI 0.15--0.88\]; p = 0.03) was observed among PRP4K ON patients, as compared to PRP4K OFF ([**Fig. 5C**](#f0005){ref-type="fig"}). Thus, in the context of low HER2 expression, PRP4K is a positive prognostic biomarker for high-grade serous ovarian cancer patients treated with platinum/taxane-based therapies. The same analysis could not be done for the breast cancer TMA as those patients did not receive taxanes as part of their treatment regimen. Figure 5.Evaluation of PRP4K as a biomarker of platinum/taxane response in high-grade serous ovarian cancer. (**A**) Kaplan Meier curves of overall disease free survival (left) and overall survival (right) in a cohort of 130 ovarian cancer patients treated with platinum/taxane chemotherapy. (**B)** Kaplan Meier curves of overall disease free survival (left) and overall survival (right) in 103 platinum/taxane treated ovarian cancer patients with either low (0--1), or high (2-3), expression of HER2. Significance (p) is indicated by Log Rank. (**C)** Kaplan Meier curves of overall disease free survival (left) and overall survival (right) in 64 patients (i.e. a subset of the 130 in A) with no to moderate expression of HER2. Significance (p) is indicated by Log Rank.

Discussion {#s0003}
==========

Despite the challenges associated with the development of resistance, taxanes remain one of the most widely used therapies for a range of human malignancies, including breast, lung and ovarian cancer. Biomarkers which can accurately predict taxane response are needed to identify those patients that will benefit from the inclusion of taxanes into their treatment regimen, and those who will not. Numerous biomarkers have been identified that correlate with *in vitro* taxane resistance, however their use clinically to stratify patients according to predicted taxane response has been limited.

In this study we have identified PRP4K as a novel HER2-regulated gene, and investigated its role in the cellular response to taxanes. Immunostaining for PRP4K in human breast and ovarian cancer TMAs revealed a significant correlation between PRP4K and HER2 ([**Fig. 1**](#f0001){ref-type="fig"}), which we confirmed was a result of PRP4K expression being regulated by HER2 signaling ([**Fig. 2**](#f0002){ref-type="fig"}). While the role of HER2 in the cellular response to taxanes *in vitro* remains controversial, the clinical data seems to support a link between HER2 expression and positive response to taxanes in breast cancer.[@cit0017] However, due to the discrepancies between *in vitro* and *in vivo* data, the mechanism(s) linking HER2 signaling to taxane sensitivity remain unknown. To determine if PRP4K was contributing to the observed HER2 mediated taxane sensitivity, we generated breast and ovarian cancer cell lines stably expressing a doxycycline inducible hairpin targeting PRP4K. Across all 3 cell lines generated, knockdown of PRP4K led to a decrease in cellular sensitivity to paclitaxel. Furthermore, when PRP4K expression was decreased through inhibition of HER2 signaling, cellular sensitivity to paclitaxel also decreased. Together, these data support the hypothesis that HER2 signaling may contribute to taxane response in part by modulating PRP4K gene expression.

In breast cancer, HER2-based therapies target this receptor tyrosine kinase either by antibody (i.e., trastuzumab) or small molecule (i.e. lapatinib) inhibition, and the combination of HER2 pathway inhibition with taxane-based chemotherapy has shown improved outcomes in patients with HER2-positive tumors.[@cit0037] In our experiments, it is important to note that chemical inhibition of HER2 was used as a tool to manipulate PRP4K expression, and reduced taxane effectiveness when given sequentially. This is in contrast to how these drugs are administered in recent clinical trials showing efficacy of combined trastuzumab or lapatinib treatment with taxanes; where treatment is initiated with trastuzumab or lapatinib being given concurrently with taxane treatments.[@cit0039] It should also be noted that patient outcome is statistically better and patients exhibit fewer side-effects when treated periodically with trastuzumab (given concurrently with taxane) rather than with chronic dosing of lapatinib, which is taken daily with periodic taxane treatment.[@cit0039] Given our results, it is tempting to speculate that when lapatinib is given daily the chronic exposure to drug may reduce PRP4K expression and as a consequence reduce taxane sensitivity over time; which, could provide a potential explanation for the increased efficacy of trastuzumab periodic treatment over chronic lapatinib treatment regimes.

How PRP4K contributes to taxane sensitivity may be multifactorial considering its critical role in pre-mRNA splicing,[@cit0023] and as a consequence we are actively pursuing how changes in PRP4K expression affect alternative pre-mRNA splicing. However, to date there has been little evidence for splicing factors playing a role in taxane resistance; whereas paclitaxel induced apoptosis has been clearly demonstrated to be dependent on the prolonged activation of the SAC,[@cit0012] and disruption of checkpoint function has been shown to increase resistance to taxanes *in vitro*.[@cit0010] With PRP4K playing an important role in SAC function in response to microtubule poisons like nocodazole,[@cit0025] it is most likely that loss of PRP4K leads to taxane resistance through mitotic checkpoint failure.

Given our *in vitro* data indicating that low PRP4K expression, induced either by inhibition of HER2 signaling or by knock-down of PRP4K, reduces the sensitivity of breast and ovarian cancers to taxanes, we also evaluated PRP4K as a potential prognostic biomarker for outcome in ovarian cancer patients treated with taxane-containing therapies. Although we had PRP4K immunohistochemistry data on both breast and ovarian tumors, none of the patients in the breast cohort were treated first-line with taxane-based chemotherapy. Thus, we focused on 130 tumors in the ovarian cohort from patients that received taxanes as part of their treatment regime and found that again PRP4K (i.e., PRP4K ON) correlated with positive prognosis markers such as BTF4/BTN3A2 [@cit0029] (r = 0.24, p = 0.005, Spearman correlation) and that although not significant, a trend of better survival and increased time to progression was seen in patients with tumors expressing PRP4K ([**Fig. 5A**](#f0005){ref-type="fig"}). In interpreting these results, we noted that although breast cancer patients with tumors harboring a HER2 amplification have better overall survival when their treatment regimen includes taxanes,[@cit0021] overall, HER2 amplification is associated with poor prognosis in breast[@cit0015] and ovarian cancer.[@cit0035] Given the strong correlation between HER2 expression and PRP4K within this cohort, we would expect to preferentially select for HER2 amplified tumors within the PRP4K ON group, and thus, select for patients with overall a poorer prognosis ([**Fig. 5B**](#f0005){ref-type="fig"}), irrespective of treatment, as compared to the majority of patients that do not have amplified HER2. Using this rationale, we decided to remove the highest HER2-expressing tumors from the cohort and to evaluate the prognostic power of PRP4K in patients with tumors exhibiting low HER2 levels. In this cohort, PRP4K ON tumors exhibited significant increases in both time to progression (HR = 0.53 \[95% CI 0.27--1.01\]; p = 0.05) and overall survival (HR = 0.37 \[95% CI 0.15--0.88\]; p = 0.03), as compared to patients with tumors that exhibited no detectable PRP4K expression by immunohistochemistry (PRP4K OFF).

In summary, this study identifies PRP4K as a HER2-regulated modifier of taxane sensitivity, and as a potential prognostic marker for better survival in ovarian cancer patients treated with taxanes that harbour low HER2 expressing tumors. Our data also indicates that reduced PRP4K expression correlates with acquired taxane resistance post-treatment ([**Fig. 4**](#f0004){ref-type="fig"}). Thus, in addition to being a positive prognostic marker for survival in ovarian cancer patients with low or HER2-negative tumors at diagnosis, PRP4K expression could be of value in determining which patients might receive additional benefit (or not) from continued taxane treatment following relapse from previous taxane-based therapy.

Materials and Methods {#s0004}
=====================

Patients and tissue specimens {#s0004-0001}
-----------------------------

Ethics approval was obtained by the local institutional ethics board (Comité d'éthique de la recherche du Center hospitalier de l'Université de Montréal). Tumor samples were collected and banked following appropriate written consent from patients undergoing surgery at the Center Hospitalier de l'Université de Montréal from 1993 to 2010. An independent pathologist scored tumor grade and stage and a gynecologic oncologist scored tumor residual disease according to criteria from the International Federation of Gynecologists and Obstetricians. Less than 10% of specimens were excluded on quality, and this was not correlated to age of sample. Clinical data on progression-free interval were defined based on imaging and CA125 blood levels. Overall survival was defined as the time from surgery to death from ovarian cancer. Patients known to be alive at the time of analysis were censored to the time of their last follow-up. Patient disease free survival was calculated from the time of surgery until the first progression. Eligibility criteria for inclusion in the study were as follows: no pre-operative chemotherapeutic treatment for ovarian cancer; platinum-based post-operative chemotherapy treatment, high grade tumors, serous histopathology subtype and completed informed consent. All patients received a platinum-based chemotherapy as an initial therapy after surgery with the exception of patients who died shortly (\<3 months) after surgery. Patients who died from other causes were censored at time of last follow-up.

Tissue Microarray and Immunohistochemistry {#s0004-0002}
------------------------------------------

This tissue array has previously been described.[@cit0043] Briefly, areas of tumor were selected based on review of a hematoxylineosin-stained slide. Formalin fixed paraffin embedded tumor blocks were then biopsied using a 0.6 mm needle and resultant cores were arrayed into a grid in a recipient paraffin block using a Pathology Device Tissue Microarrayer (Pathology Devices Inc.). The tissue array contained samples from 260 ovarian cancer patients, and each patient is represented by 2 cores. After review of clinical data 61 patients were excluded from the final analysis as they did not meet the inclusion criteria. The tissue array was then sectioned, stained with hematoxylin-eosin and reviewed by an expert pathologist to confirm tumor content. Tissue arrays were sectioned at 4 μm and the slides were stained using the BenchMark XT automated stainer (Ventana Medical System Inc.). Antigen retrieval was carried out with Cell Conditioning 1 (VMSI; \#950-123) for 60 min. Prediluted sheep anti-PRP4K (1:100) antibody (H143),[@cit0023] or Her2 (DAKO \#A0485) was automatically dispensed, and the slides were incubated at 37°C for 120 min or 30 min, respectively, and developed by the UltraView DAB detection kit (VMSI\#760-091). Slides were counterstained with hematoxylin (VMSI\#760-2021). All sections were observed by light microscopy at 400× magnification.

Staining Quantification {#s0004-0003}
-----------------------

Tumor sections were scanned and digitally visualized. Epithelial zones were scored according to the staining intensity (value 0 for absent, 1 for weak, 2 for moderate and 3 for high intensity). Each array was independently analyzed in a blind study by 2 independent observers. Correlation was \>80%. The average of all cores with cancer from the same patient was used for the final analysis.

Cell culture {#s0004-0004}
------------

SK-BR-3, IGROV-1, MCF-7, MDA-MB-231 and SKOV-3 cell lines used were cultured in Dulbecco\'s modified Eagle\'s medium (Sigma) supplemented with 10% fetal calf serum, 1% penicillin/streptomycin at 37°C with 5% CO~2~. All cell lines were obtained originally from American Type Culture Collection (ATCC) and validated by STR profiling (DDC Medical) within 6 months of experimentation. MCF-7, MDA-MB-231 and SKOV-3 cell lines stably expressing shRNAs were cultured as above with the addition of 1 μg/mL puromycin. TOV1369 and OV1369(R2) cell lines were cultured in OSE medium (Wisent, 316-030-CL) supplemented with 10% fetal calf serum, 0.5 μg/mL amphotericin B (Life Technologies, 15290-018), and 50 μg/mL gentamicin (Life Technologies, 15750-078) at 37°C with 5%O~2~ and 5%CO~2~, as previously described.[@cit0034]

Western Blot Analysis {#s0004-0005}
---------------------

Cells were lysed in ice-cold lysis buffer (20 mM Tris-HCl pH8, 300 mM KCl, 10% Glycerol, 0.25% Nonidet P-40, 0.5 mM EDTA, 0.5 mM EGTA, 1x protease inhibitors). Protein concentrations were determined using Bio-Rad Protein Reagent (Bio-Rad, 500-0006). Lysates, with exception to those ran in [**Fig. 4A**](#f0004){ref-type="fig"}, were dephosphorylated with calf intestinal phosphatase (Sigma, A2356) as previously described.[@cit0044] This allowed for more accurate quantification as PRP4K is present in lysates in several phospho-forms (**Fig. S2**). Lysates were then mixed with 2× sample buffer and boiled prior to separation by SDS-PAGE and Western blot analysis with sheep anti-PRP4K antibody (H143),[@cit0023] rabbit anti-HER2 antibody (Cell Signaling, \#2165), or mouse anti-actin antibody (Sigma, A3853). Quantification of band intensities was performed by densitometry analysis using ImageJ (NIH).

shRNA Lentiviral Transduction {#s0004-0006}
-----------------------------

To knockdown HER2 in the IGROV-1 and SK-BR-3 cell lines, HER2 targeting GIPZ Lentiviral shRNAs (shHER2-1 = clone: V3LHS_315855, shHER2-2 = clone: V3LHS_315852) were purchased from Thermos Scientific. To create the MCF7, MDA-MB-231 and SKOV3 PRP4K knockdown cell lines, PRP4K targeting TRIPZ Inducible Lentiviral Human shRNAs (Thermos Scientific) (shPRP4K-1 = clone:V2THS_47787, shPRP4K-2 = clone:V3THS_383960) were purchased. Lentivirus was obtained by co-transefection of the TRIPZshRNA, pMD2.G, pCMV-8.92, and pCMV-8.93 vectors (described previously[@cit0045]) into human HEK-293T cells via calcium-phosphate transfection (Promega, E1200), according to manufacturer\'s directions. After 48 h, media from the transfected cells was filter sterilized using a 0.45 μ filter, and the viral media added to the target cell line for 48 h. To induce expression of the inducible TRIPZ PRP4K shRNA, 2 μg/mL doxycycline was added to culture media for 96 h with the drug being replaced every 24 h.

Immunofluorescence {#s0004-0007}
------------------

Cells were plated onto sterile coverslips in a 6-well dish and allowed to adhere overnight. The cells were then transfected with the indicated plasmids using Lipofectamine2000 (Life Technologies, 11668027), according to the manufacturer\'s directions. HER2CA (V659E) (Addgene plasmid \# 16259), and HER2KD (K753M) (Addgene plasmid \#16258). Forty-eight hours post-transfection, cells were washed with PBS and fixed in 3% paraformaldehyde for 20 min. Immunolabeling was carried out as previously described.[@cit0046] Fluorescent images were captured with a Zeiss Cell Observer Microscope under a 63× immersion oil objective lens. Images were processed using only linear adjustments (*e.g.*brightness/contrast) with Slidebook (Intelligent Imaging Innovations, Boulder, CO) and Adobe Photoshop CS5.

HER2 Inhibition {#s0004-0008}
---------------

SK-BR-3 and IGROV-1 cells were maintained in the presence of 0.1 μM, and 7.5 μM Lapatinib Ditosylate (Selleck, S1028), respectively, for 48 h.

*In Vitro* Cell Viability Assay {#s0004-0009}
-------------------------------

Paclitaxel (Sigma, T7402) was reconstituted in dimethyl sulfoxide (DMSO) and diluted in growth media so that the DMSO concentration was 0.05% or less. To evaluate paclitaxel response *in vitro*, 7 000 cells were plated in individual wells of a 96 well plate, and allowed to adhere for 24 h prior to incubation with the indicated concentration of paclitaxel for 90 min. Following acute paclitaxel treatment, the drug was removed and cells were allowed to recover in fresh medium for 72 h, at which point cell viability was measured using the alamarBlue cell viability assay (Life Technologies, DAL1100) according to the manufactures protocol. Fluorescence was measured using an Infinite M200 Pro plate reader (Tecan Group Ltd) 4 h after the addition of alamarBlue® reagent. To determine the effect of PRP4K knockdown on paclitaxel response, cell lines stably expressing an shRNA were incubated with 2 μg/ml doxycycline for 92 h prior to plating in the 96 well plate, and maintained in doxycycline for the remainder of the experiment.

Statistical Analysis {#s0004-0010}
--------------------

Survival curves were plotted using the Kaplan-Meier curve analysis and the log-rank test was used to test for significance. Univariate Cox proportional hazard models were used to estimate the hazard ratio for PRP4K expression. For the *in vitro* viability assays a Student\'s T-test was used to compare viability between cell lines. A Spearman correlation test was applied to compare biomarkers staining. All statistical analyses were done using the Statistical Package for the Social Sciences software version 11.0 (SPSS, Inc.), and statistical significance was set at p = 0.05.
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